We introduce a novel method of optically inducing microsized subsurface structures using non-linear absorption of near infrared light in mono-crystalline silicon. We discuss the physical processes such as multi-photon absorption and self focussing in the material. The results presented in this paper demonstrate a new method of subsurface modifications in silicon and may open up novel avenues for optical devices embedded in silicon and optical process for the separation of wafers from their ingots.
INTRODUCTION
Silicon, being the backbone of the semiconductor industry, has always been under thorough investigation and a matter of research. Crystalline silicon has been electrically, optically and mechanically characterised extensively [1] - [3] over decades. The introduction of mechanical stresses in silicon through optical means is a vibrant field [4] as it promises high density system-on-chip devices and optical interconnects. Here, we present a novel method of creating subsurface structures as a cornerstone for embedded optical devices [5] and a novel approach of optically separating wafers from their ingots [6, 7] . Although the multiphoton absorption process has been previously used to induce modifications in many optically transparent materials [8] , this process has been demonstrated for the first time in silicon. This is due to physical parameters of silicon such as the low thermal coefficient, infrared transparency, etc., that limit the choice of the specifications of the laser system to be used. These parameters and their limitations are discussed in Section 2.
We exploit the non-linear properties of silicon [9] to optically induce mechanical stresses within its bulk. For this purpose we use a near infra red [10] laser source and a high numerical aperture (N.A.) objective [11] to focus a laser beam into the bulk of silicon to concentrate high electromagnetic energy densities into a tiny volume (∼ µm 3 ). This induces a series of non-linear reactions [12, 13] such as self phase modulation (SPM), self focussing, multiple photon absorption (MPA), avalanche ionisation, etc. These are then followed by generation of an electron plasma cloud [8] that exerts mechanical stresses to the silicon lattice which eventually leads to the formation of defects in regions where the beam was focussed. By spatially controlling these defective regions, one can create optically detectable subsurface structures. Figure 1 (a) schematically represents our proposed optical subsurface modification mechanism based on the approaches presented in [6, 7] .
LIGHT AND MATTER INTERACTIONS
In this section, we discuss physical parameters involved in the process and the required parameters of the laser system to be used.
Following is the well known description of optical absorption in dielectric media where the induced polarisation P(t) due to an applied electric field E(t) in an isotropic material, assuming an instantaneous response, is given by
where χ is the electrical susceptibility of the material and defines the order of the interaction between E and P, and ε o is the vacuum permittivity. At a wavelength of 1550 nm, the linear absorption coefficient in silicon is as low as ∼ 10 −8 cm −1 and hence, the first term of the equation is neglected. Silicon belongs to the m3m point group and is a centrosymmetric [14] crystal with two sets of mirror planes, {1 0 0} and {1 1 0}. The absence of the second-order susceptibility term is a characteristic feature of crystals belonging to the m3m point group. Therefore, the third order susceptibility is the largest contributing factor to the electromagnetically induced polarisation in silicon atoms and thus,
By introducing the frequency components of the E field, one can expand Eq. (1) and represent the polarisation (P) in terms of its frequency components and associate with them the physical processes such as, SPM and third harmonic generation [9] . The SPM leads to a local increase in the focussed electromagnetic densities, which further initiates non-linear processes such as the MPA. The electromagnetic flux and the coefficients of absorption in MPA is governed by
where I is the intensity of the electromagnetic radiation, z is the depth of absorption, t the time variable and α, β, γ are the first, second and third order photon absorption coefficients, respectively. Since the absorption losses in silicon at 1550 nm are insignificant, the first term (linear) can be ignored. The value of β is known to vary between 1.8 and 0 cm/GW in a wavelength range between 800 and 2200 nm [15] . The maximum value in this range is ∼0.45 cm/GW at 1550 nm [16] , which is the wavelength of the laser used. Figure 2 shows a schematic representation of the physical processes involved in the subsurface modification of silicon. Multi-photon absorption creates the initial (seed) electron density, which is then increased by the avalanche ionisation process. Initial ionisation takes place when a few seed electrons in the conduction band oscillate in the laser electromagnetic field and are accelerated to energies greater than the band gap of silicon. These high energy electrons then interact with the valence electrons and transfer enough energy to excite them to the conduction band. This iterative process leads to an avalanche ionisation in the material. The deciding factor for the avalanche ionisation to be initiated by the multi-photon process is established by the Keldysh parameter ( osc /∆ gap ) to be greater than unity. The parameters osc and ∆ gap are the electron oscillation energy and the electronic band gap, respectively. The probability of multi-photon ionisation P mpi per atom per second, is given by
see ref. [17] , where n ph is the number of photons involved in the transition of one electron and ∆ gap = n phh ω. Since the probability is directly proportional to the oscillation energy of the electron, the intensity of the incident electromagnetic radiation from the laser is critical in initiating the process. The subsequent generation of the electrons results in formation of an electron plasma cloud that exerts an outward pressure in the silicon crystal lattice. The damage caused by this pressure is largely dependent on the variation of the mechanical stress in different crystal orientations [18] .
Based on the rate of photon absorption and electron-phonon interactions, the time span in which the MPA and the avalanche ionisation processes occur is calculated to be 10 −14 · · · 10 −11 seconds [19] . The process of defect formation is dependent on the Young's modulus of the material and its thermal coefficients. For silicon, it is expected to be a couple of tens of nano seconds.
EXPERIMENTAL RESULTS
Based on the requirements described above, a laser system is used that has a centre wavelength of 1550 nm, a pulse duration of 800 fs, a pulse energy of 50 µJ and a maximum repetition rate of 100 kHz. the experiment where the focus of the laser beam is driven into the bulk of silicon to realise subsurface modifications. The position of the focus spot is currently monitored by the back reflection of the laser beam from silicon that is sampled into a camera. When positioned, the motion stages carrying the wafer is activated. Figure 3 (c) schematically shows the subsurface pattern in a silicon wafer that is described throughout this paper. Figure 4 (a) and 4(b) show visible and infra red light images, respectively, of the structures written via this process. The two images reveal the buried structures in silicon with accompanying surface structures attributed to shock waves in some regions on the surface. The width of the buried structures as measured by a 40x objective is around 5 µm. For the writing process, the refractive index of the index matching liquid is 1.4917. The experiment was performed with a pulse energy of 50 µJ. Also, as argued in the previous section and from [18] , the directional dependency of the mechanical stresses in silicon was observed in our experiments. The wafer used was (100) oriented, highly doped silicon with a resistivity of 5 to 50 Ωcm that showed traces of subsurface modification, also shown in Figure 4 (b). Figure 5 shows experiments performed with an optical grating with a line spacing of 25 µm. The structures are written using the procedure described in Figure 3 . When these structures are observed under a visible light microscope, the surface shows irregularities as shown in Figure 5 (a) presumably caused by shockwaves travelling to the surface. However, a surface scan reveals no periodicity in the roughness pattern. The height of the roughness is of the order of 200 nm. The possible modifications of the material due to the processing described here is a subject of further investigation.
The structures were illuminated using a 1064 nm CW laser and a diffraction pattern is achieved which is projected at a distance of 56 cm from the wafer surface. Figure 5(b) shows the undiffracted light without the subsurface modifications, so as to visualise the differences from Figure 5(c) showing the diffracted light through the subsurface modifications. By ignoring an artefact of the imaging lens on the left hand side of the zeroth order, we use the right hand side of the pattern shown in Figure 5 (c) to extract the intensities of the diffraction peaks as shown in Figure 6 . Since the detailed geometry and the variation of the refractive index of the subsurface grating
has not yet been determined, the position and shape of these peaks and the corresponding analytical model is a subject of further work. 
CONCLUSIONS
The formation of optically detectable buried structures in silicon is demonstrated as a new avenue to inscribe three dimensional structures for micro optical usage. Our approach may enable a technological breakthrough in terms of optical on-chip monolithic integration of optical devices. Further structural and optical characterisation as well as a thorough theoretical understanding and physical modelling of multiphoton absorption (MPA), self phase modulation (SPM) and self focussing processes in silicon are necessary.
